Non-migrating butterflies keep directed courses when viewing a simulated sun or panoramic 2 scene. This suggest that they orient based on multiple visual cues independent of their 3 migratory context. 4 5 6 Abstract 7
0
adjust their migratory direction with respect to mountain ranges. This indicates that the 1 1 migratory butterflies also attend to the panorama to guide their travels. Here we studied if 1 2 non-migrating butterflies -that stay in a more restricted area to feed and breed -also use a 1 3 similar compass system to guide their flights. Performing behavioral experiments on tethered 1 4 flying butterflies in an indoor LED flight simulator, we found that the monarchs fly along 1 5 straight tracks with respect to a simulated sun. When a panoramic skyline was presented as vs. flight stabilization, we performed an experiment with a stationary grating of vertical 1 4 0 stripes in blue (emission peak at approximately 458 nm; three columns of LEDs per stripe, 1 4 1 spatial frequency of ~0.06 cycles/degree; experiment: grating) and black. Each blue LED had To answer the question of whether monarch butterflies combine different visual cues to 1 4 7 increase their flight accuracy, we presented the panoramic skyline together with the bright 1 4 8 8 green sun stimulus (experiment: panorama and sun, Fig. 4 ). Each butterfly's orientation 1 4 9 performance was recorded for eight minutes and the position of the scenery was switched by 1 5 0 180° every two minutes. In a control experiment where the profile of the panorama lacked any 1 5 1 bumps (i.e. was a flat horizon), the panoramic features were excluded but the sun was 1 5 2 available (experiment: sun and no profile). In an additional experiment, we investigated how the disappearance of a visual cue 1 5 4 affects the butterflies' orientation performance (Fig. 5 ). We first allowed the butterflies to 1 5 5 acclimate to the experimental conditions for two minutes (with the green sun and panorama 1 5 6 available) as we noticed in the sun and panorama experiments (Figs. 2E, 3C) that the 1 5 7 orientation abilities of butterflies significantly changed over the first two minutes. In the 1 5 8 subsequent 30 seconds, the butterflies were again presented with the combination of the 1 5 9 panoramic skyline and the green sun stimulus (combination). For the next 30 seconds, we 1 6 0 excluded one of the stimuli (we either removed the sun stimulus or removed the profile of the 1 6 1 panorama (single cue). Half of the animals were first tested without a panorama (but with the 1 6 2 sun), while half of the butterflies first experienced the panorama (without the sun). All 1 6 3 butterflies experienced both stimuli again for an additional 30 seconds (combination) before 1 6 4 the other stimulus that was present in phase 2 (either the simulated sun or the panorama) was 1 6 5 removed (single cue) for further 30 seconds. The order of the stimulus presentation (both 1 6 6 cues/ simulated sun, both cues/ panorama) was pseudorandomized. All data were analyzed in the software MATLAB (Version R2017b, MathWorks, 1 7 0 Natick, MA, USA) using the CirCStat toolbox (Berens, 2009) . The experiments that took 1 7 1 eight minutes (green sun, blue sun, no cue, panorama, no profile, panorama and sun, no that stopped more than four times during the experiments were excluded from the analysis. The grating experiment ( Fig. 3 ) was split into two phases (two minutes each). Because this 1 7 5 experiment lasted for only four minutes, butterflies that stopped flying more than two times 1 7 6 were excluded from the analysis. This exclusion criterion was also used for the combination 1 7 7 experiment ( Fig. 5 ). Depending on the experiment, the data were divided into either two- To present the data with respect to the stimulus position, all heading directions were 1 8 0 shifted in such a way that the simulated sun or a specific point of the panorama stimulus was these r values (they are higher than the r values over 10 sec. or 2 min.), we normalized all r highly oriented animal shows low angular velocities, usually caused by slow swinging around 1 9 0 the heading direction. Highly disoriented animals exhibit high angular velocities, often caused 1 9 1 by rapid rotation. The angular velocity of individual butterflies was defined by calculating the 1 9 2 absolute angular difference between two consecutive headings (Figs. 3, 5) . To further test 1 9 3 whether the butterflies followed a relocation of a stimulus, their change of heading was relocations over the 8-minutes flight (after 2, 4, and 6 minutes), we calculated the mean 1 9 7 change of heading over three stimulus-relocations in each animal. During our experiments, we noticed that many butterflies exhibited very poor performance in 2 0 1 the first two minutes as compared to the remaining six minutes (e.g. green sun and blue sun, Moore's Modified Rayleigh test (Moore, 1980) . Furthermore, some butterflies performed 2 0 8 poorly, for example failing to follow the change of the stimulus' position, most likely because 2 0 9 they were unmotivated to use the visual scene for orientation. To compare the performance of 2 1 0 the butterflies, we first calculated the mean r within the last two-minute phase of the control 2 1 1 experiments plus the 95% confidence interval (no cue: r = 0.1169, no profile: r = 0.1194). All 2 1 2 animals that showed a lower directedness than these r values were excluded from the Wallis-Test for samples of different groups or using the Wilcoxon signed-rank test for test was used to compare the heading directions of different butterfly groups. To study the orientation of monarch butterflies with respect to a simulated sun, we recorded 2 2 0 the flight performance while the animals were tethered at the center of the LED flight background as their only orientation reference. Many monarch butterflies, even though they 2 2 3 1 1 were outside of their migratory phase, kept a constant heading direction with respect to this 2 2 4 stimulus. When the stimulus's position was turned by 180°, these butterflies changed their 2 2 5 heading accordingly ( Fig. 2A , green trajectory). On average, the butterflies chose headings 2 2 6 towards the simulated sun (p = 0.002, R = 1.46; µ = 9° with respect to the simulated sun; non-2 2 7 parametric Moore's Modified Rayleigh test; green sun; N = 24; Fig. 2B ). Next, we switched 2 2 8 the green stimulus LED to blue, so it was indistinguishable from all other LEDs in the arena. Unsurprisingly, the r values, which describe the orientation precision of each butterfly across Wallis-Test; Fig. 2B ). This was also evident when we analyzed the flight directedness on a following of the stimulus show that non-migrating butterflies use the sun stimulus in our flight 2 4 0 simulator for orientation.
4 1
To investigate whether the butterflies relied on the spectral or the brightness 2 4 2 component of the sun stimulus for orientation, we presented the simulated sun as a bright, displaced by 180° ( Fig. 2A, blue trajectory) . The heading directions of the butterflies in the blue sun ( Fig. 2E ). Although many butterflies kept a constant course in both experiments, we 2 5 0 noticed that only a subpopulation of animals followed the 180° relocation of the stimulus [14 2 5 1 out of 24 (green sun) and 15 out of 24 (blue sun) showed a change in heading > 90°; Fig. 2F ]. The remaining butterflies did not change their heading as expected if they used the presented 2 5 3 cues for orientation. To exclude any potential effects due to differences in the butterflies' 2 5 4 behavioral state, we analyzed how many animals exhibited a higher r value under conditions 2 5 5 with a cue (green sun and blue sun) compared to the mean [plus 95% confidence interval (CI)] 1 4 the "oriented" animals did not differ between both experiments (p = 0.48,
Wallis-Test; Fig. 3K ). Nevertheless, we noticed that two butterflies exhibited a very high To characterize orientation performance in the presence of both terrestrial and celestial cues, In contrast, the butterflies chose arbitrary headings in the sun and no profile experiment (p = compared to the condition without the sun [0.30 ± 0.19 (mean ± SD); panorama; p = 0.005, χ 2 3 1 7 = 8.07; Kruskal-Wallis-Test; Fig. 4D) ]. However, the directedness did not differ between the and no profile; p = 0.33, χ 2 = 0.94; Kruskal-Wallis-Test; Fig. 4D ]. To compare the 3 2 0 performance of the butterflies, we calculated how many animals exhibited a higher of the panorama, more animals showed higher r values as soon as the simulated sun was 3 2 4 available (Fig. 4E ). The performance of these "oriented" animals did not show any significant 3 2 5 1 5 differences (p = 0.61; χ 2 = 0.99; Kruskal-Wallis-Test; Fig. 4F ) which suggests that combining The previous experiment did not allow us to test whether the butterflies registered both 3 2 9 visual cues in their compass or if they relied on the simulated sun as their only reference 3 3 0 (while ignoring the panoramic skyline). We therefore performed an experiment in which we 3 3 1 presented both cues (green sun and panorama; combination; Fig. 5A ) to the butterflies in a animals, we found that irrespective of which cue we turned off, this led to a significant Interestingly, the disappearance of a specific cue had different effects in different animals. In the simulated sun or the panorama -was excluded from the visual scenery ( Fig. 5D , upper had any effect on the directedness (Fig. 5D, lower panel) which indicates that they can 3 5 0 1 6 dynamically switch from one to another as main orientation reference. Taken together, the 3 5 1 data show that monarch butterflies can register multiple visual cues to keep a directed course.
5 2
However, the relevance of these cues seems to differ in the tested animals. Our experiments show that monarch butterflies -even when they are not in their migratory Our results show that monarch butterflies sometimes prefer to choose a heading 3 6 4 towards the simulated green sun (Fig. 1B) , while in some experiments they took arbitrary 3 6 5 headings (Fig. 4B) . The latter is similar to the findings in the fruit fly Drosophila 3 6 6 melanogaster that also maintains arbitrary headings (Giraldo et al., 2018) and suggest that 3 6 7 they are able to perform compass orientation with respect to the sun stimulus. The heading between the sun and blue background was presented to the butterflies. It will now be 3 7 7
interesting to test what heading choices the non-migrating butterflies prefer if we study them 3 7 8 with respect to the real sun outdoors. But why do the butterflies, even when they are not in behavioral state? Our current interpretation is that the butterflies exhibit an escape response 3 8 1 and use the sun stimulus as a reference. An alternative explanation is that the butterflies' goal, 3 8 2 on their search for food, is to disperse into a new niche, a behavior that is well established for 3 8 3 butterflies under natural conditions (Felt, 1925; Stevens et al., 2010) . Our experiments show that monarch butterflies use a sun stimulus that contains only 3 8 5 brightness information in a very similar way as a stimulus that contains both spectral and 3 8 6 brightness information. This suggest that intensity information of the sun can be used by the (Heinze and Reppert, 2011). In nature, due to a different ratio of shorter (UV light) and longer 3 9 0 (green light) wavelengths of light between the solar and anti-solar hemisphere, the direction of way as it has been shown in the past for other insects (Cartwright and Collett, 1983; Collett 4 0 7 and Land, 1975; Fleischmann et al., 2018; Lehrer and Collett, 1994) . Ants and wasps are well- Similarly, it was suggested in another study that the Rocky Mountains act as a physical barrier 4 1 5 and funnel the butterflies towards Mexico (Mouritsen et al., 2013) . In these cases, the 4 1 6 animal's compass can obtain a higher robustness for the maintenance of the migratory in their non-migratory phase, e.g. during foraging. We therefore presented a dark silhouette of 4 2 2 a panoramic skyline to the butterflies as findings in ants suggest that the contrast of objects 4 2 3 against the sky is important for the animals' orientation (Graham and Cheng, 2009a) . In our only over a short time period and did not follow a 180° relocation of the stimulus. Apart from 4 2 6 directional information, a panoramic skyline provides an animal with rotational optic flow 4 2 7 information which can be used by insects for positional control (Wolf and Heisenberg, 1990) .
2 8
Although it is very difficult to unravel how exactly the butterflies interpreted the panorama 4 2 9 stimulus, our data suggest that they mainly used it for flight control. Nevertheless, some 4 3 0 individuals showed well oriented flights when presented with the panorama with high r values 4 3 1 (Fig. 3A) that were not observed when the animals had optic-flow (but no distinct cue) for 4 3 2 orientation, which indicates that these animals used the panorama for compass orientation. It will be interesting to study if these butterflies can store and memorize a desire heading with 4 3 4 respect to the panoramic scene, a similar matching strategy to the one that has been shown in We presented the green sun stimulus in combination with the panoramic skyline to study how 4 3 9 the butterflies use a visual scene that mimics a combination of celestial and terrestrial 4 4 0 information. We found that the presentation of both cues did not lead to a more directed flight 4 4 1 performance (Fig. 4) , as has been shown for the combination of multimodal cues in ants, with observations in migrating butterflies. This suggests that the sun is the main orientation 4 4 6 cue for monarch butterflies (Stalleicken et al., 2005) . Nevertheless, we found that in the 4 4 7 absence of the sun or the panorama the directedness of the butterflies was affected (Fig. 5 ). Knaden, 2017). This is also similar to findings in the migrating Bogong moth which uses and raises the question of what mechanism lepidopterans in general, and butterflies 4 5 8 specifically, use to combine different cues in their compass. One mechanism that butterflies 4 5 9 could use is to store multiple cues of a scene in a snapshot (with respect to the desired heading 4 6 0 direction) and to match it to the current view, a strategy that is used by orienting dung beetles compass (Fisher et al., 2019; Kim et al., 2019; Seelig and Jayaraman, 2015) . The results here 
